We show that neutrino quirality flip during the birth of a neutron star, with a strange quark matter core, is an efficient mechanism to allow neutrinos to anisotropically escape, thus providing a plausible explanation for the observed neutron star kick velocities. The mechanism is efficient provided the neutrino magnetic moment is not smaller than 2.5 × 10 −15 µB, where µB is the Bohr magneton. When this lower bound is combined with the most stringent upper bound, our results set a range for the neutrino magnetic moment given by 2.5 × 10 −15 ≤ µν /µB ≤ (0.1 − 0.4) × 10 −11 . The obtained kick velocities for natal conditions are consistent with the observed ones and span the correct range of radii for typical magnetic field intensities.
I. INTRODUCTION
At the endpoint of stellar evolution lies a class of astrophysical compact objects, such as White Dwarfs (WD), Neutron Stars (NS) and Black Holes (BH) whose physical properties still remain intriguing at large. WD were first discovered more than one hundred years ago, whereas NS and BH appeared in the astronomical panorama only approximately fifty years ago. For this class of objects, the Newtonian theory of gravity fails, and efforts to confirm their existence as well as to understand their properties, occupied much of the twentieth century's research in astrophysics. In fact, the main theories in physics formulated over the last century, such as general relativity, statistical physics, nuclear and particle physics, hydrodynamics as well as astrophysics, have converged in the study of this kind of objects and at the same time, these theories have received feedback from the study of compact objects.
The internal composition of WD and NS is of particular interest since their extremely high densities cannot be reproduced in terrestrial laboratories. Thus, they represent physical realizations of systems to study the phases of matter that are as yet not well understood. In particular, the extreme conditions of density, temperature and intensity of magnetic fields present in NS have been the source of the great interest that such objects arise. These conditions have led research on this field to propose the existence of strange and exotic phases of matter within the internal layers of NS. The current efforts to map the phase diagram of nuclear matter in the high baryon density, low temperature domain, have found in NS a source of information that heavy-ion experiments have little or no chance to explore.
An important aspect in the study of NS is the evolution of their properties with time. This aspect is connected with neutrino emission which drives the NS cooling properties. In fact the continuous leaking of neutrinos is responsible for the NS drastic change of temperature from dozens to almost zero MeV in a time lapse of about one hundred years from the NS formation. Moreover, if this emission of neutrinos is anisotropic, it can also be responsible for the so called pulsar kicks [1, 2] .
Several scenarios have been proposed to explain the unusual pulsar velocity distribution due to anisotropic neutrino emission. One of these is a natal kick, which can be due to processes occuring during the formation of the proto-NS whereby a burst of neutrinos in a preferred direction can provide the NS with momentum in the direction opposite to the emitted flux of neutrinos. Another possibility is a post-natal kick whereby this flux of neutrinos mainly happens over the course of the rest of the NS time evolution. An argument in favor of the natal kick scenario is provided in Refs. [3, 4] where calculations show the existence of a peak in the electron neutrino luminosity at an early time, right after the core bounce stage for the NS formation that lasts for about 12 seconds. During this stage, the NS temperature is about 50 MeV. Another possible scenario to explain NS kicks is the formation of quark matter during the collapse [5, 6] .
In a previous work, we computed the NS kick velocities resorting to a scenario whereby the neutrino anisotropic emission is caused by the presence of a magnetic field in the NS interior [7] . However, since the neutrino mean free path is small compared to the core radius, scattering can cause that the neutrino emission does not happen along a preferred direction, thereby diluting the effect. In this work, we complement this study by introducing the idea of a neutrino chirality flip produced by the possible existence of a neutrino magnetic moment. When neutrinos flip their chirality becoming right-handed from the original left-handed state, their interactions with matter become suppressed and the neutrinos can escape from the NS, provided that the path length for the chirality flip process happens within a mean free path length. We show that this requirement places a lower bound for the magnitude of the neutrino magnetic moment which is larger than the Standard Model (SM) value for this magnetic moment. We show that this result, combined with the most stringent upper bound for the neutrino magnetic moment [8, 9] leaves a window of values to think that the process is plausible.
The scenario we discuss happens during the transition from the so called stage III into stage IV, according to the main stages of NS evolution described in Ref. [10] . This implies that the kick velocity would be driven by a neutrino burst that lasts around 35 seconds, at the beginning of a NS lifetime. As discussed in Refs. [11] , temperatures below 1 MeV won't produce observable velocities, and according to Ref. [10] , these temperatures are reached around the first minute. Therefore, the main contribution to the kick velocities comes from the neutrino emission at large temperatures and chemical potentials, at the beginning of the NS evolution. We thus study the chirality flip process within the core of the NS assuming these conditions which are consistent with those assumed to place the upper bound on the neutrino magnetic moment from the chirality flip in supernovae [8, 9] .
The produced kick velocity for NS can be computed from [11, 12] 
where M N S and R are the NS mass and radius, is the neutrino emissivity and χ is the electron spin polarization, which determines the fraction of neutrinos asymmetrically emitted. When the emissivity changes with temperature, the cooling equation can be used, namely,
where U is the internal energy density and C v is the heat capacity. Therefore, the kick velocity is given by
This velocity can be written in the following form v = −803.925 km s
where
The integral I is a function of C v and χ. These two quantities depend on the strength of the magnetic field, the chemical potential and temperature. These quantities were derived and studied in [7] . The heat capacity is given by
and E lf is given by
with e f and m f being the fermion charge and mass, respectively, l the Landau level, p 3 the momentum along the magnetic field direction B,
f /e f the critical magnetic field. We use the shorthand notation b e ≡ b = B/B c e . The electron spin polarization is given by
We consider the core of the NS as a plasma made out of magnetized strange quark matter (SQM), namely, a gas composed of quarks u, d and s and electrons e in the presence of a magnetic field. We also impose the conditions that are believed to exist in the core of neutron stars which are determined by β decay equilibrium among quark species, charge neutrality, baryon number conservation and an electron plus neutrino to baryon ratio Y L = 0.4. All together, these conditions are referred to as the stellar equilibrium conditions.
Following the procedure described in [8, 9] , to compute the quirality flip rate we consider that the plasma is in thermal equilibrium at temperature T and with an electron chemical potential µ e such that T, µ e m e , where m e is the electron mass. The production rate of a righthanded neutrino, with energy p 0 and momentum p from left-handed neutrinos is given by
wheref (p 0 ) is the Fermi-Dirac distribution for righthanded neutrinos, taken for simplicity as massless, such that P µ = (p 0 , p), p = p. The operator R = 1 2 (1 + γ 5 ) projects onto right-handed fermion components. The neutrino self-energy Σ is given by
where K α = (k 0 , k), k = k, V µ is the neutrino-photon vertex function, S F is the neutrino propagator and D ρλ is the photon propagator. For the neutrino-photon vertex we use the magnetic dipole interaction, given by V µ (K) = µ ν σ αµ K α , where µ ν is the neutrino magnetic moment and σ αµ = i 2 [γ α , γ µ ]. The photon propagator is split into longitudinal and transverse components
The corresponding sums over Matsubara frequencies are
In order to evaluate the sums, we introduce the photon and neutrino spectral densities. Therefore, the imaginary part of M L,T can be written as
where f (k 0 ) is the Bose-Einstein distribution, ρ L,T and ρ F are the spectral densities for the photon and neutrino propagators, respectively, given by
where we have defined x = k 0 /k , (p 0 ) is the sign function and the photon thermal mass m γ is given by
Using Eq. (13), one finds that the expression for Γ involves the factor π e β(p0−µ) + 1
where C L and C T are functions that come from the trace calculation and the contraction with the longitudinal and transverse polarization tensors respectively. These are given by
The term proportional tof (E p − µ) in Eq. (16), corresponds to the case where the left-handed neutrino is in the initial state, while the term proportional to 1 −f (E p + µ) represents the case where this neutrino is in the final state. Since we seek to describe the production of right-handed neutrinos from initially left-handed neutrinos, we must keep only the contribution from the first term.
After performing the angular integrals, we can finally express Γ as
Armed with the expression for the reaction rate as a function of p 0 , we can compute the total reaction rate as the integral of Γ(p 0 ) over the available phase space, namely,
with V the volume where the chirality flip process takes place and we integrate up to the maximum energy allowed for the neutrino in the beta decay process. Since beta decay is mediated by an intermediate W whose mass is much larger than the typical energy scales during the proto-NS birth, we take p max o 1.2 MeV, which is the maximum value for a massless neutrino energy for beta decay in vacuum. The typical time required for the chirality flip process to take place is given as the inverse of Γ, namely
For an efficient anisotropic emission, this time should be smaller than the time required for a neutrino to travel one mean free path λ at the speed of light c namely
This condition can be used to place a lower bound for the neutrino magnetic moment so that the chirality flip process can efficiently produce neutrinos to escape from the NS and thus serve as a mechanism to produce the kick. For this purpose, let us consider the most stringent scenario assuming the NS conditions at the earliest stage. We take λ ∼ 1 m, that for a NS made out of SQM corresponds to a temperature T ∼ 50 MeV. The neutrino chemical potential is taken as µ ∼ 300 MeV and the electron chemical potential entering into the expression for the photon thermal mass is taken as µ e ∼ 275 MeV, that corresponds to NS made out of SQM [13] . The reaction volume is taken as a cylinder with longitudinal axis equal to the mean free path and base with radius equal to the magnetic field coherence length l m , namely,
For the strong field limit (B ∼ 5 × 10 16 G), l m is approximately given by l m ≈ 2000 fm [14] . Putting all this information together, we obtain the lower bound for the neutrino magnetic moment
where µ B is the Bohr magneton. Combining this result with the upper bound for the neutrino magnetic moment obtained from a similar analysis applied to the core collapse during a supernova explosion [8, 9] , we obtain the range for the neutrino magnetic moment as This result can be contrasted with the bound obtained in a minimum extension of the SM allowed by the nonvanishing neutrino mass [15, 16] . Using the neutrino parameters deduced from solar, atmospheric and reactor neutrino experiments, this bound turns out to be [17] 
which is smaller than the lower bound obtained in Eq. (25). Assuming that the neutrino magnetic moment is within the range given by Eq. (25), the anysotropic neutrino emission becomes an efficient mechanism for the NS kick. Figure 1 shows the range of kick velocities obtained for natal core conditions and for a typical 1.4 solar mass NS and different values of the magnetic field with a fixed central baryon density n B = 5n 0 , where n 0 corresponds to ordinary nuclear density. Notice that the range of velocities is in agreement with the observed ones, provided the NS radius lies within the given range. Notice also that larger magnetic field intensities correspond to larger kick velocities and that the upper limit for observed velocities is obtained for small star radii. Based on this results, one could infer that NS with large kick velocities may have magnetized SQM/hybrid cores.
In conclusion, we have shown that neutrino quirality flip during the birth of a SQM NS is an efficient mechanism to allow the produced neutrinos to escape from the NS core provided the neutrino magnetic moment is not smaller than 2.5 × 10 −15 µ B . When this lower bound is combined with the most stringent upper bound [8, 9] , the results of this work set a range for the neutrino magnetic moment given by 2.5 × 10 −15 ≤ µ ν /µ B ≤ (0.1 − 0.4) × 10 −11 . The obtained kick velocities for natal NS conditions are consistent with the observed ones and span the correct range of radii for typical magnetic field intensities.
